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Introduction:

In my studies, my goal is to further ascertain the role of
hRadl in the G2/M checkpoint, which is responsible for arresting
the cell cycle prior to mitosis in response to DNA damage or
incomplete DNA replication. I will further determine the role
of hRadl in the G2 checkpoint by determining other interacting
partners with the hRadl-hRad9-hHusl ternary complex.

Preliminary gel filtration experiments indicate that hRad9

exists in 3 complexes of different sizes (~200kDa, 600kDa and
>1.5MDa) in Hela cell lysate. I postulate that hRadl and hHusl
also may be present in any or all of these complexes and I am
currently carrying out experiments to determine which of these
complexes hRadl does in fact exist in.

Furthermore, I have developed methodologies which will allow
me to determine whether hRadl is associated with hRad9 and hHusl
at all times throughout the cell cycle or in a temporal or DNA
damage dependent manner.

I will preface my description of my progress with the
disclaimer that I have no reportable results to describe, due to
my recent change in my course of graduate study. In light of my
lack of results due to the very early stage of my project, I
will provide a description of what I have accomplished thus far
and I will describe methodologies that I am currently carrying
out or will carry out in the future. I am aware that the work
described herein is not consistent with the statement of work
submitted for this studentship by the original applicant
Christian M. Udell. However, prior to my coming to the lab, it
was decided that I would be would be working on the work
described herein. It is my sincere hope that the reviewers of
this progress report find my project satisfactory.




Bodx:

Yeast-2-Hybrid Analysis:

RATIONALE: The Gal-4 yeast-2-hybrid (Y2H) system
(Clontech) has been previously employed to identify protein-
protein interactions in our lab (1). In light of the fact that
hRad9 elutes in four different complexes from cell lysate, all
of which are larger than the predicted molecular weight of a
putative hRadl-hRad9-hHusl trimer, it stands to reason that
other proteins do in fact interact with associate with the
hRadl-hRad9-hHusl complex, specifically with hRadl, which has
not been studied in this manner.

Discovery of novel interacting partners with hRadl will
give insight how the signal to arrest the cell cycle is
transduced through the ternary G2 checkpoint complex: hRadl,
hRad9, hHusl.

PROGRESS TO DATE: To date I have constructed hRadl and hHusl
Gal-4 DNA binding domain fusion constructs in the pGBT9 vector
(Clontech). I have transformed Saccharomyces cerevisae
(S.Cerevisae) strain HF7C with pGBT9-hRadl, by standard
techniques, and I am currently in the process of screening a
HelLa high-expression pGADGH cDNA library. At the time of
writing I have screened 3.34 X 10° independent clones in a hRadl
Y2H screen and I am currently in the process of quantifying 17
positive interactions from this screen. Any putative hRadl
interactions will be confirmed by immunoprecipitation of
endogenous protein using commercial antibodies, or by an epitope
tagged version.

Metabolic Labeling:

RATIONALE: To further identify other hRadl interacting
species I am in the process of carrying out 3°s-metabolic
labeling experiments.

HelLa cells cultured in DMEM (Gibco) (+10% Fetal bovine
serum under 5 %CO,) will be transfected by pYDF-hRadl, an
expression construct expressing FLAG tagged hRadl, by standard
methods. After 48 hours FLAG-hRadl transfected cells will be
labeled with 200uCi/mL of 3°S-Methionine and *°S-Cysteine for 2.5
hours after staving cells for 1 hour in labeling media deficient
in Cysteine and Methionine. After labeling, epitope tagged
hRadl is co-immunoprecipitated using a monoclonal antibody
directed against the FLAG epitope. By co-ip, other proteins
that interact with hRadl will become apparent.




PROGRESS TO DATE: hRadl has been cloned in-frame with the
FLAG epitope in the PYDF mammalian expression vector (A gift of
Dr. David LeBrun, Queen’s University) (1). However, preliminary
attempts have been unsuccessful in distinctively identifying
species which uniquely co-ip with hRadl.

Gel Filtration Chromatography:

RATIONALE: Initial gel filtration experiments have
revealed that hRad9 exists in 3 complexes of different sizes

(#200kDa, 600kDa and >1.5MDa = monomeric hRad9) in cell lysate
taken from asynchronous HelLa cells. The hRad9 gel filtration
data, taken with our prior discovery that hRadl exists in a
ternary complex with hRad9 and hHusl, leads to the inference
that hRadl may exist in complexes of different sizes at
different times in the cell cycle. Additionally, the hRadl
complex state may differ in the cellular response to incomplete
DNA replication or DNA damage.

Additionally, nuclease experiments used in conjunction with
gel filtration chromatography will help to discern if hRadl
containing complexes are associated with DNA at any point during
the cell cycle or in response to incomplete replication of, or
damage to, DNA.

PROGESS TO DATE: I have prepared gel filtration columns
containing Sephacryl S-300HR and S-400HR (10kDa -1.5MDa and
20kDa - 8MDa effective fractionation ranges, respectively). I
am currently in the process of fractionating lysate of Hela
cells that have been transfected by PYDF-hRadl. Cell lysates
will be fractionated and individual fractions corresponding to
different molecular weights will be probed for the presence of
hRadl with a monoclonal antibody that is directed against the
FLAG epitope.

In the future I plan to synchronize cultures of FLAG-hRadl
transfected cells by double thymidine block and release, which
briefly consists of: treating Hela cells for 18 hours in 2mM
thymidine containing DMEM, 8 hours in thymidine free DMEM,
followed by an additional 18 hours in DMEM +thymidine. At
completion of the double thymidine block HeLa cells are
synchronized at the G1/S transition of the cell cycle. By
releasing synchronized populations of cells for differing
amounts of time (2h=s-phase, 4h G2, 5h G2/M transition, the
complex state of hRadl can be examined with respect to different
stages of the cell cycle. Additionally, synchronized




populations of cells will be subjected to DNA damaging agents
(y-irradiation, 10Gy) or by DNA replication inhibitors
(hydroxyurea, 5mM) at different times after release and analyzed
for the number and size of complexes which hRadl exists in at
different points in the cell cycle. This line of
experimentation will reveal any damage dependent, or cell cycle
dependent complexes in which that hRadl may exist.

Cell lysates from all the aforementioned studies will also
be nuclease treated and fractionated by gel filtration
chromatography to determine if any complexes visualized under
varying conditions do in fact disappear, or elute differently,
after nuclease treatment. Any change in the elution of a
complex would be indicative of a complex that binds DNA.




Key Research Accomplishments:

e TInitial positive protein-protein interactions in a hRadl
yeast-2-hybrid screen.

Reportable Outcomes:

1. Although published prior to last annual report, I do not
know if the previous holder of this award Christian M.
Udell described the following publication, which was a
result of this support. Thus, I will include it here:

St.Onge, R.P., Udell, C.M., Casselman, R., Davey, S. (1999)
Mol. Biol. Cell 10(6):1985-95.

The aforementioned publication preceded some of the work that

I am currently carrying out. Reprints are appended to the
document.

Conclusions:

While I have not had any reportable outcomes at this early
stage of my graduate studies, I am very confident that the
current line of experimentation will lead to an expanded
understanding of the role of hRadl in the G2 cell cycle
checkpoint. Additionally this work will uncover the impact of
hRadl in the maintenance of genomic integrity, and thus
prevention of tumorigenesis.




Literature Cited:

1. St.Onge, R.P.,

Udell, C.M.,

Casselman,

Mol. Biol. Cell 10(6):1985-95.

R.

14

Davey,

S.

(1999)

10




Molecular Biology of the Cell
Vol. 10, 1985-1995, June 1999

The Human G2 Checkpoint Control Protein hRAD9 Is

a Nuclear Phosphoprotein That Forms Complexes
with hRAD1 and hHUSI1

Robert P. St. Onge,** Christian M. Udell,** Richard Casselman,*
and Scott Davey**#Sl

*Cancer Research Laboratories, and Departments of *Pathology, *Oncology, and $Biochemistry,
Queen’s University, Kingston, Ontario K7L 3N6, Canada

Submitted January 6, 1999; Accepted April 5, 1999
Monitoring Editor: Tim Hunt

Eukaryotic cells actively block entry into mitosis in the presence of DNA damage or
incompletely replicated DNA. This response is mediated by signal transduction cascades
called cell cycle checkpoints. We show here that the human checkpoint control protein
hRAD9 physically associates with two other checkpoint control proteins, hRRAD1 and
hHUS1. Furthermore, hRAD1 and hHUS1 themselves interact, analogously to their
fission yeast homologues Radl and Husl. We also show that hRAD9 is present in
multiple phosphorylation forms in vivo. These phosphorylated forms are present in
tissue culture cells that have not been exposed to exogenous sources of DNA damage, but
it remains possible that endogenous damage or naturally occurring replication interme-
diates cause the observed phosphorylation. Finally, we show that hRAD9 is a nuclear
protein, indicating that in this signal transduction pathway, hRAD9 is physically prox-
imal to the upstream (DNA damage) signal rather than to the downstream, cytoplasmic,

cell cycle machinery.

INTRODUCTION

The eukaryotic cell cycle consists of a number of
tightly regulated events whose precise order ensures
that the important tasks of DNA replication and cell
division occur with high fidelity. Cells maintain the
order of these events by making later events depen-
dent on the successful completion of earlier events.
This dependency is enforced by cellular mechanisms
called checkpoints (Weinert and Hartwell, 1988, 1990).
The DNA damage (G2) and DNA replication (S-phase)
checkpoints arrest eukaryotic cells at the G2/M tran-
sition in the presence of damaged or incompletely
replicated DNA, respectively (Weinert and Hartwell,
1988, 1990; Enoch and Nurse, 1990; Enoch ef al., 1992;
al-Khodairy and Carr, 1992; al-Khodairy et al., 1994;
Rowley et al., 1992). This arrest provides time for the
cell to repair damage or complete replication before
entry into mitosis.

I Corresponding author. E-mail address: sd13@post.queensu.ca.

© 1999 by The American Society for Cell Biology

Various lines of evidence support a model for G2
checkpoint regulation in which the ultimate event is
phosphorylation of the tyrosine 15 residue of the cy-
clin-dependent kinase Cdc2 (Enoch and Nurse, 1990;
O’Connell et al., 1997; Rhind et al., 1997). Phosphory-
lation of this residue is regulated primarily by the
Cdc25 phosphatase and the Weel protein kinase, and
the activity of these enzymes is regulated in turn by
the kinases Chk1 and Cds], respectively (Walworth et
al., 1993; Furnari et al., 1997). Chk1 is only required for
the DNA damage checkpoint (Walworth et al., 1993)
and functions by phosphorylating and inhibiting
Cdc25, thereby preventing Cdc2 dephosphorylation
and mitotic entry (Furnari et al., 1997). When the S-
phase checkpoint is triggered, activation of Cdsl re-
sults in activating phosphorylation of Weel, which
then results in inhibitory phosphorylation of Cdc2
(Boddy et al., 1998). Although the mechanistic detail
involved in the G2 checkpoints upstream of these
proteins is unclear, it is known that a group of six
proteins in fission yeast are required for both G2 and
S-phase checkpoint control. These proteins are Radl,
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Table 1. Summary of G2 checkpoint proteins in yeasts and humans

S. pombe S. cerevisine Homo sapiens
Radl RAD17 hRAD1
Rad3 MEC1 ATR/FRP1
Rad9 DDC1 hRAD9
Rad17 RAD24 hRAD17
Rad26

Husl hHUS1
Chk1 CHK1 Chk1

Cdsl RADS53 Chk2

Rad3, Rad9, Rad17, Rad26, and Husl and are collec-
tively termed the checkpoint rad proteins (al-Kho-
dairy and Carr, 1992; al-Khodairy et al., 1994; Enoch et
al., 1992; Rowley et al., 1992). Evidence that these genes
are all critical components of both the damage and
replication checkpoints is based on observations that
the checkpoint rad mutants, unlike wild-type cells, do
not block mitotic entry in response to DNA-damaging
agents or transient inhibition of DNA synthesis (al-
Khodairy and Carr, 1992; al-Khodairy et al., 1994;
Enoch et al., 1992; Rowley et al., 1992). The checkpoint
rads are placed upstream of the Cdc2 regulators in the
emerging checkpoint signal transduction pathway, be-
cause the checkpoint-induced phosphorylation of the
Chk1 and Cdsl kinases is dependent on the presence
of all of the checkpoint rad proteins (Walworth and
Bernards, 1996; Lindsay et al., 1998). More recently, it
was shown that Rad1 and Husl1 form a stable complex
that is dependent on Rad9, suggesting that these three
proteins may exist in a three-way complex in fission
yeast (Kostrub et al., 1998).

Many of the genes involved in the G2 checkpoint
pathways are conserved between humans and yeast
(Table 1). Human homologues of all of the fission
yeast checkpoint Rad proteins, with the exception of
Rad26, have been identified, suggesting that the fis-
sion yeast G2 checkpoint signaling mechanism may be
similar to that of humans (Cimprich et al., 1996; Lieber-
man et al., 1996; Kostrub et al., 1998; Parker et al., 1998a;
Udell et al., 1998). In vitro evidence has suggested that
the human homologues of fission yeast Chkl and
Cds1 phosphorylate and inhibit Cdc25C in response to
DNA damage (Sanchez et al., 1997; Matsuoka et al.,
1998). Furthermore, this response is dependent on
ATM, a human homologue of fission yeast Rad3
(Savitsky et al., 1995a,b). Therefore, the human equiv-
alents of the checkpoint rads appear to be functioning
upstream of the Cdc2 regulatory machinery, as they
do in fission yeast.

Here, we identify further conservation between the
fission yeast and human G2 checkpoints by demon-
strating that human homologues of Schizosaccharomy-
ces pombe checkpoint rads hRADI1, hRAD9, and
hHUS1 physically interact with one another in vivo.
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We also show that endogenous hRAD?9 is phosphor-
ylated and that it localizes primarily to the nucleus in
unperturbed HeLa and HaCaT cells.

MATERIALS AND METHODS

Yeast Two-Hybrid Library Screen

hRAD9 ¢cDNA was subcloned from pBluescript (Stratagene, La Jolla,
CA) into the Smal and Sall restriction sites of the GAL4 DNA
binding domain pGBT9 vector (Clontech, Palo Alto, CA). pGBT9-
hRAD9 was then transformed into the budding yeast strain HF7c
(Feilotter et al., 1994) according to the manufacturer’s instructions.
Transformants were plated on synthetic dropout (SD) media minus
tryptophan (6.7 g/1 Difco [Detroit, MI] yeast nitrogen base without
amino acids, 2% glucose, 0.62 g/1 Bio 101 [La Jolla, CA] complete
supplement mixture minus histidine (—his), leucine (—leu), and
tryptophan (—trp), 20 mg/1 histidine, 100 mg/1 leucine, and 20 g/1
Difco Bacto-Agar). To ensure that the hRAD9 GAL4 DNA binding
domain hybrid construct alone did not activate the HIS3 and/or
lacZ reporter genes, colonies were streaked onto the SD agar —trp,
—his and tested for B-galactosidase activity using a filter assay
described in the Clontech manual. One HF7c colony harboring the
pGBT9-hRAD?9 vector was picked into 150 ml of SD — trp liquid
media and grown to saturation for 2 d at 30°C. The saturated culture
was then diluted by adding 11 of YID (10 g/1 yeast extract, 20 g/1
tryptone, and 20 g/1 dextrose) and grown to an ODgq, of 0.5. These
yeast were then transformed, as described by the manufacturer,
with 0.5 mg of a directionally cloned HeLa cDNA library in the
pGAD-GH GAL#4 activation domain vector (Clontech). The trans-
formants were plated on 44 15-cm plates containing SD agar —trp,
—leu, —his and incubated at 30°C. To determine the efficiency of the
library transformation, serial dilutions of a small aliquot of the
transformed yeast were plated on SD agar —trp, —leu. After 10 d,
~500 colonies grew larger than background on the triple dropout
plates. These colonies were subcultured onto SD agar —trp, —leu
—his and 5 mM 3-aminotriazole (3-AT) and incubated at 30°C for
2 d, after which 15 positive clones were identified. Plasmid DNA
was then prepared from 15 saturated liquid cultures essentially as
described by the manufacturer (Clontech). XL1-Blue competent bac-
teria were then transformed with this DNA and plated on Luria-
Bertani agar containing ampicillin. Inserts in pGAD-GH were se-
quenced using fluorescently labeled SK primer and an automated
sequencer (Applied Biosystems, Foster City, CA). DNA sequence
analysis was performed using the BLAST algorithm (Altschul et al.,
1990).

For analysis of individual interactions among hRAD9, hRAD],
and hHUSI, HF7¢ were simultaneously cotransformed with pGBT9-
hHUS1 and pGAD-hRAD1, pGBT9-hRAD9 and pGAD-hHUS], and
pGBT9-hRAD9 and pGAD-hRAD], as described by the manufac-
turer (Clontech). Cotransformants were plated on SD agar —trp,
—leu and incubated at 30°C for 2-3 d. As negative controls, pGBT9
fusion constructs were cotransformed with empty pGAD-GH vec-
tor, and pGAD fusion constructs were cotransformed with empty
pGBT9 vector. As a positive control, a p53-DNA binding domain
fusion construct was cotransformed with a pSV40 T antigen-activa-
tion domain fusion construct. A single isolated colony from each
plate was streaked onto both SD agar —trp, —leu and SD agar —trp
—leu —his and 5mM 3-AT and grown at 30°C for 2-3 d.

hRAD9 Polyclonal Antibody Preparation and
Purification

hRAD9 ¢cDNA was PCR cloned into the Smal and BamHI restriction
sites of the pGEX1 bacterial expression vector (Pharmacia, Piscat-
away, NJ). An hRAD9-GST fusion protein was then expressed in
Escherichia coli and affinity purified on glutathione-Sepharose (Phar-
macia) according to previously described methods (Frangioni and

Molecular Biology of the Cell




Neel, 1993). a-hRAD9 polyclonal chicken antibodies were generated
against this hRAD9 fusion protein (RCH antibodies).

Ten milligrams of purified GST were batch adsorbed to 2 ml of
glutathione-Sepharose for 2 h at 4°C. Sepharose was washed with 40
vol of PBS. Two milliliters of antibody supernatant were batch
adsorbed with the GST-bound glutathione-Sepharose overnight.
Sepharose was subjected to centrifugation, and the supernatant was
harvested.

Thirty-five micrograms of purified GST-hRAD9 protein were sub-
jected to electrophoresis through a 10% acrylamide gel and then
electroblotted onto a nitrocellulose membrane. The protein band
was visualized by Ponceau S staining, and the band was excised and
cut into small pieces with a scalpel. Membrane pieces were blocked
overnight in 1% casein in PBS and 0.1% Tween 20 (PBST) at 4°C in
a microfuge tube. The membrane was then washed three times for
5 min each in PBST. One milliliter of precleared antibody superna-
tant was added to the membrane pieces and rocked at 4°C for 4 h.
The supernatant was removed, and the membrane was washed two
times rapidly and once for 15 min with PBST. The tube was centri-
fuged briefly, and all traces of the wash were removed. The anti-
body was eluted from membrane with 300 ul of 0.2 M glycine, pH
2.8. A second elution with 100 pl of glycine was pooled with the
first, and the antibody supernatant was neutralized with 0.2 vol of
1 M Tris, pH 8.0.

Coimmunoprecipitation Experiments

Coimmunoprecipitations used the myc and flag epitope tags, and
for simplicity, proteins expressed with these tags are denoted by a
subscript m or {, respectively. hRAD1 cDNA was amplified by PCR
and cloned into the Xbal and EcoRI restriction sites of the mamma-
lian expression vector pyDF31 (a gift from Dr. David LeBrun,
Queen’s University, Department of Pathology), in frame with one
copy of the flag epitope. hRAD9 ¢cDNA was PCR cloned into the
Xbal and Xhol restriction sites of the pCS2-MT, a mammalian ex-
pression vector with six copies of the myc epitope (Rupp et al., 1994;
Turner and Weintraub, 1994). A hHUS1-myc fusion construct was
generated by PCR amplifying hHUS1 ¢cDNA and cloning it into the
pCS2-MT vector. The constructs used to express the negative con-
trols HLF; and FerAN,, constructs were gifts of Dr. David LeBrun
and Dr. Peter Greer (Queen’s University, Cancer Research Labora-
tories), respectively.

COS-1 cells that were ~50% confluent in 10-cm tissue culture
plates were transiently cotransfected with 24 ug each of the indi-
cated constructs, using Lipofectin reagent (Sigma, St. Louis, MO)
according to the manufacturer’s instructions. Cells were then
washed twice with 10 ml of sterile PBS, and 10 ml of complete
Dulbecco’s modified Eagle’s medium were added (Dulbecco’s mod-
ified Eagle’s medium and 10% FBS). Transfected cells were cultured
at 37°C in a 5% CO, atmosphere for 48 h. Cells were lysed directly
on the plate in mammalian cell lysis solution (50 mM Tris-Cl, pH
8.0, 150 mM NaCl, 0.5% NP-40, 1 mM Na;VO,, 1 mM PMSF, 20
pg/ml aprotinin, and 10 ug/ml leupeptin). Lysates were passed
through 18- and then 23-gauge syringes several times to shear
genomic DNA, incubated on ice for 30 min, and centrifuged at
16,000 X g to remove any insoluble material. Each cotransfected cell
lysate was split into two equal portions. To one set lysates were
precleared with 35 ul of a-immunoglobulin y (IgY) agarose (Pro-
mega, Madison, WI) on a Nutator (Becton Dickinson, Qakville,
Canada) at 4°C for 45 min and immunoprecipitated with polyclonal
chicken a-hRAD9 antibodies on a Nutator at 4°C for 1 h. These
immune complexes were collected on 35 pl of a-IgY agarose (Pro-
mega) at 4°C for 1 h. To the other set lysates were precleared with
10 pl of protein G-Sepharose (Pharmacia) and immunoprecipitated
with ~1 pg of a-myc 9E10 mouse monoclonal antibody. These
immune complexes were collected on 10 ul of protein G-Sepharose
at 4°C for 1 h. Both the e-myc and o-hRAD9 immunoprecipitated
complexes were collected by centrifugation at 500 X g, washed four
times with PBS, and incubated at 100°C for 5 min in 50 ul of
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SDS-PAGE sample buffer (New England Biolabs, Beverly, MA).
After centrifugation at 16,000 X g for 20 min, 10 ul of each super-
natant was electrophoresed through a single 6% acrylamide gel.
Protein was transferred to nitrocellulose (0.2 um pore size; Xymo-
tech, Toronto, Canada) which was blocked in 5% MPBST (PBS, 5%
nonfat milk powder, and 0.1% Tween 20) at room temperature for
2 h and then probed with a-myc 9E10 mouse monoclonal antibody.
After extensive washing in PBST, HRP-conjugated anti-mouse sec-
ondary antibody was added, and the membrane was incubated for
45 min at room temperature. Protein antigens were detected by
chemiluminescence using the ECL detection system (Amersham,
Arlington Heights, IL), followed by exposure to x-ray film (Eastman
Kodak, Rochester, NY).

For the hRAD1/hHUS1 and hRAD9/hRAD1 coimmunoprecipi-
tations, the same methods as described for the hRAD9/hHUS1
coimmunoprecipitations were used, with the following exceptions.
All lysates were precleared with 10 ul of protein G-Sepharose
(Pharmacia) on a Nutator at 4°C for 45 min. Either a-myc 9E10
monoclonal antibody or a-flag M2 monoclonal antibody was used
for immunoprecipitation. Samples were size fractionated on 10%
polyacrylamide gels. Immunoblotting was carried out using a-myc
9E10 mouse monoclonal or e-flag M2 monoclonal antibody, as
indicated.

Calf Intestinal Phosphatase (CIP) Treatments

COS-1 cells were transfected with 24 pg of pCS2-MT-hRAD9Y as
described previously. Two days after the transfection, cells were
harvested and immunoprecipitated with e-myc monoclonal anti-
body as before. After collecting the immune complexes on protein
G-Sepharose, beads were washed four times with PBS and resus-
pended in 200 ul of NEB buffer 3 (50 mM Tris-HCI, 10 mM MgCl,,
100 mM NaCl, and 1 mM DTT) and 1% SDS. Protein was removed
from the Sepharose beads by heating at 100°C for 5 min followed by
centrifugation at 16,000 X g. Twenty microliters of the supernatant
were then treated with 30 U of calf intestinal alkaline phosphatase
(Promega) in 1X NEB buffer 3 in the presence or absence of 2 mM
sodium orthovanadate (Na,VO,) for 30 min at 37°C. To sufficiently
dilute the SDS in the sample, the total volume of the reactions was
200 pl. Both reactions, along with 20 ul of untreated immunopre-
cipitate, were made up to 1 ml with PBS and reimmunoprecipitated
with a-myc monoclonal antibody, electrophoresed through 6%
acrylamide, and immunoblotted with a-myc monoclonal antibody
essentially as above.

Endogenous hRAD9 protein was immunoprecipitated from ~9 X
106 Hela cells with polyclonal chicken a-hRAD9 antibodies essen-
tially as described above. The phosphatase procedure followed was
identical to that for exogenous hRAD9,, except samples were elec-
trophoresed through 8% acrylamide and immunoprecipitated and
immunoblotted with e-hRAD9 antibodies.

hRAD9 Immunofluorescence

HaCaT or Hela cells were seeded on coverslips for 1 h (HeLa) or
overnight (HaCaT) at 37°C in 5% CO,. Cells were washed twice
with PBS and fixed with 10% paraformaldehyde for 10 min at room
temperature. Fixed cells were washed twice more with PBS, covered
with methanol, and incubated at —20°C for 20 min. Cells were
rinsed twice and then washed for 30 min in PBST. PBST and 1%
normal goat serum (NGS) were used to block cells at room temper-
ature for 1 h. Incubation in polyclonal a-hRAD9 chicken antibodies
in PBST and 1% NGS for 1 h at room temperature was followed by
two rinses and one 30-min wash in PBST. Cells were then incubated
in Alexa 488 goat anti-chicken secondary antibody (Molecular
Probes, Eugene, OR) and diluted to 10 ug/ml in PBST and 1% NGS
for 1 h at room temperature. After two rinses with PBST and two
10-min washes in PBS, cells were treated with 200 ug/ml RNase A
in 1% PBS for 1 h at 37°C. After two rinses and two 5-min washes in
PBST, nuclei were stained with 2 ug/ml propidium iodide in PBS
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for 5 min at room temperature. Cells were rinsed twice and washed
once for 10 min with PBST. Coverslips were mounted on glass slides
and visualized using a Meridian Instruments (Lansing, MI) Insight
Plus confocal microscope. Images were captured from a cooled
Meridian video with a Matrox 1280 frame grabber (Matrox Elec-
tronic Systems, Dorval, Quebec, Canada) and pseudocolored and
saved using MCID M4 software (Imaging Research, St. Catherines,
Ontario, Canada).

RESULTS

hRAD9 and hHUS1 Physically Interact

We set about to identify proteins interacting with
hRAD9 using a two-hybrid screen. We screened 5.5 X
10° total transformants and from these identified 15
primary positive clones, each of which was viable on
triple dropout medium in the presence of 5 mM 3-AT.
Eleven of the 15 isolates contained hHUS1 cDNA se-
quences. Two approaches were taken, to substantiate
the interaction we observed between hRAD9 and
hHUSI in the two-hybrid screen. First, GAL4 fusion
constructs for hRAD9 and hHUS1 were retransformed
into Saccharomyces cerevisine HF7c, and the two-hybrid
interaction was confirmed (Figure 1A). pGBT9-hRAD9
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Figure 1. hRAD9 and hHUS1
physically interact. (A) S. cerevisiae
strain HF7c was transformed with
the indicated GAL4 fusion plasmids
and plated on media selecting for co-
transformants. Single colonies were
subcultured onto selective media in
the presence (left) or absence (right)
of histidine. Growth in the absence of
histidine is indicative of a protein—
protein interaction, as demonstrated
by the p53/5V40 T-Ag positive con-
trol (lower left quadrant). When
pGBT9-hRAD9 and pGAD-hHUS1
were cotransformed separately with the corresponding empty vector, no
growth on triple dropout was observed (upper two quadrants). Expres-
sion of both hRAD9 and hHUS1 GALA fusions was required for viability
in the absence of histidine (bottom right quadrant). (B) COS-1 cells were
transiently cotransfected with constructs expressing hRAD9,, and
hHUS1,,, hRAD9,, and FerAN,, or hHUS1,,, and FerAN,,,, as indicated.
After harvesting, lysates were immunoprecipitated with e-myc 9E10
monoclonal antibody (upper panel) or chicken a-hRAD9 polyclonal anti-
bodies (lower panel) and in both cases were immunoblotted with a-myc
9E10 monoclonal antibody. Specific coimmunoprecipitation of hRAD9,,,
and hHUSL,,, is observed in lane 1 of the lower panel.

-trp -leu -his

and pGAD-hHUS1, encoding the entire hRHUS1 cDNA
sequence, were transformed individually and together
into HF7c. In the individual transformations, empty
vector of the complementary plasmid was cotrans-
formed. Positive control plasmids fusing p53 and
SV40 T antigen to the GAL4 DNA binding and trans-
activation domains, respectively, were also cotrans-
formed. Cotransformants were selected on double
(=leu, —trp) dropout media and then subcultured
onto triple (—leu, —trp, —his) dropout media to verify
interactions. Neither pGBT9-hRAD9 nor pGAD-
hHUS1 could drive expression of the HIS3 reporter
gene (Figure 1A, upper two quadrants). Only when
the hRAD9 and hHUSI fusions were cotransformed
together were HIS*™ colonies isolated (Figure 1A,
lower right panel), indicating that interaction between
the two proteins is required for reconstitution of the
GAL4 transcriptional regulator.

The second approach we took to study this potential
interaction was to coimmunoprecipitate hRRAD9 and
hHUSI proteins exogenously expressed in COS-1 cells
(Figure 1B). Both hRAD9 and hHUS1 ¢cDNA were
subcloned into the pCS2-MT mammalian expression
vector. This vector placed six copies of the myc
epitope at the C terminus of hRAD9 and hHUSI.
pCS2-MT-hRAD9 and pCS2-MT-hHUS1 were cotrans-
fected into COS-1 cells. Cotransfections with pCS2-
MT-FerAN were also performed to ensure that the
coimmunoprecipitation of hHUS1 with hRAD9 was
not the result of nonspecific interactions involving the
myc epitope tag. Cell lysates were immunoprecipi-
tated with a-myc 9E10 monoclonal antibody or
a-hRAD9 polyclonal chicken antibodies. Immunopre-
cipitates were then size fractionated by SDS-PAGE,
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transferred to nitrocellulose, and immunoblotted with
a-myc monoclonal antibody. hHUS1 coimmunopre-
cipitated with hRAD9 when cell lysates were incu-
bated with a-hRAD9 antibodies (Figure 1B, a-hRAD9
IP/a-Myc Western, lane 1). Although hHUS1,, was
exogenously expressed at similar levels in both pCS2-
MT-hHUS1-transfected cells (Figure 1B, a-Myc IP/a-
Myc Western, lanes 1 and 3), in the absence of
hRAD9,, hHUS1,,, did not immunoprecipitate with
polyclonal a-hRAD9 antibodies. In this and other co-
immunoprecipitation experiments described below,
the relative expression levels of the epitope tagged-
proteins were constant between experimental and
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Figure 2. hRAD1 and hHUS1 in-
teract specifically. (A) S cerevisiae
strain HF7c was cotransformed
with the indicated GAIL4 fusion
plasmids and plated on media se-
lecting for cotransformants. Sin-
gle colonies were then subcul-
tured onto selective media in the
presence (left) or absence (right)
of histidine. Similar to the posi-
tive control (lower left quadrant),
cotransformation of  pGBT9-
hHUS1 and pGAD-hRAD1 re-
sulted in growth in the absence of histidine (bottom right quadrant).
When either construct was cotransformed separately with the cor-
responding empty GALA4 vector, no growth on —trp, —leu, —his
media was observed (upper two quadrants). (B) COS-1 cells were
transiently cotransfected with constructs expressing hRAD1; and
hHUS1,,, HLF; and hHUS1,,, or hRAD]1; and FerAN,,, as indicated.
After harvest, lysates were immunoprecipitated with a-flag M2
monoclonal antibody or a-myc 9E10 monoclonal antibody. Each of
these immunoprecipitations were then subjected to immunoblotting
with either a-myc or a-flag antibodies, as indicated on the left.
Specific coimmunoprecipitation of hRAD1; and hHUSI1,, is ob-
served in lane 1 of each of the bottom two panels.

-trp -leu -his

control lanes, indicating that the observed interactions
were not simply due to overexpression of the proteins.

hHUS1 and hRAD1 Physically Interact

Because an Hus1-Rad1 interaction had been previously
described in S. pombe (Kostrub et al., 1998), we investi-
gated whether a similar interaction existed between
hHUS1 and hRAD1. We cotransformed pGBT9-hHUS1
and pGAD-hRADI into HF7c and looked for activation
of the HIS3 reporter gene by subculturing cotransfor-
mants on triple dropout media (Figure 2A). The same
positive and negative controls were used as before. Al-
though neither fusion plasmid on its own was sufficient
for growth in the absence of histidine, cotransformation
of pGBT9-hHUS1 and pGAD-hRADI resulted in viable
HIS* cotransformants. This suggested that a specific in-
teraction existed between hHUSI and hRAD1.

To confirm this hypothesis, exogenously expressed
hRAD1 and hHUS1 were coimmunoprecipitated in
COS-1 cells (Figure 2B) using flag epitope-tagged
hRADI1 and myc-epitope tagged hHUS1. HLF; and
FerAN,, were included as negative controls to ensure
the specificity of the interaction. Cells were cotrans-
fected as indicated with hRAD1,/hHUS1, HLF;/
hHUS1,,, or hRAD1;/FerAN, .. The cells were har-
vested 48 h after transfection, lysed, and
immunoprecipitated with either a-flag M2 monoclo-
nal antibody or a-myc 9E10 monoclonal antibody.
Two aliquots from each sample were electrophoresed
through two identical polyacrylamide gels, one of
which was used for an o-flag Western blot and the
other for an a-myc Western blot. Although exogenous
hRADI; protein levels were approximately equivalent
in both pyDF31-hRADI transfections (Figure 2B,
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a-Flag IP/a-Flag Western), hRAD1; immunoprecipi-
tated only with hHUS1,, and not FerAN,, (Figure 2B,
a-Myc IP/ a-Flag Western). Similarly, hHUS1,,, immu-
noprecipitated with hRAD1; but not HLF; (Figure 2B,
a-Flag IP/a-Myc Western). Together, these results
verify the existence of a specific physical interaction
between hHUS1 and hRADI.

hRAD9 and hRAD1 Physically Interact

Having observed the two interactions described
above, it seemed logical to explore the association
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Figure 3. hRAD9 and hRADI1 co-
immunoprecipitate (A) S. cerevisiae
strain HF7c was cotransformed
with the indicated GAIL4 fusion
plasmids and plated on media se-
lecting for cotransformants. Single
colonies were then subcultured
onto selective media in the pres-
ence (left panel) or absence (right
panel) of histidine. Although the
p53/SV40 T-Ag positive control
grew in the absence of histidine
(lower left quadrant), expression of
both hRAD9Y and hRAD1 GA14 fusions did not result in the formation
of HIS* yeast colonies (bottom right quadrant). Therefore, no interac-
tion was detectable between these two proteins. (B) COS-1 were tran-
siently cotransfected with constructs expressing hRAD1; and hRAD9,,,,
HLF,; and hRAD9,,,, or hRAD] and FerAN,, as indicated. After har-
vest, lysates were immunoprecipitated with a-flag M2 monoclonal
antibody or a-myc 9E10 monoclonal antibody. Each immunoprecipi-
tation was then immunoblotted with a-myc or a-flag antibodies, as
indicated on the left. Specific coimmunoprecipitation of hRRADI; and
hRAD9,, is observed in lane 1 of each of the bottom two panels.

-trp -leu -his

status of hRAD9 and hRADI1. Using the pGBT9-
hRAD9Y and pGAD-hRAD1 GAL4 fusion constructs,
we repeated the yeast two-hybrid experiment de-
scribed above (Figure 3A). Despite growth of the p53/
pSV40 T-Ag-positive control (Figure 3A, lower left
quadrant), coexpression of hRAD9 and hRAD1 fu-
sions failed to assemble a functional GAL4 and hence
did not produce viable yeast in the absence of histi-
dine (Figure 3A, lower right quadrant). Therefore,
although the yeast two-hybrid system demonstrated
interactions between hHUS1 and hRAD9, and hHUS1
and hRAD], it showed no interaction between hRAD9
and hRAD1.

We went on to examine the ability of hRRAD9 and
hRADI1 to coimmunoprecipitate in COS-1 cells (Figure
3B). hRAD9,, and hRADI; were exogenously ex-
pressed either together or separately with HLF; or
FerAN,,, as described above. Neither hRAD1 nor
hRAD9 protein expression levels varied significantly
between different transfection (Figure 3B, a-Flag IP/
a-Flag Western and a-Myc IP/a-Myc Western, respec-
tively). Contrary to the yeast two-hybrid data,
hRAD9,, but not FerAN,,, immunoprecipitated with
hRAD1; (Figure 3B, a-Flag IP/a-Myc Western), and
hRAD1;, but not HLF;, immunoprecipitated with
hRAD9,, (Figure 3B, o-Myc IP/a-Flag Western).
Therefore, although hRAD1 and hRAD9 show no in-
teraction in the two-hybrid system, they do specifi-
cally coimmunoprecipitate with each other when ex-
ogenously expressed in COS-1 cells.

hRAD9 Is Phosphorylated in Undamaged Cells

From the earliest immunoprecipitations we performed
using antibodies directed against either native or
epitope-tagged hRAD9Y (Figures 1 and 3), we noted
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Figure 4. hRAD9 is phosphorylated in undamaged cells. (A)
COS-1 cells transiently transfected with the construct expressing
hRAD9,,. After harvest, lysates were immunoprecipitated with
a-myc 9E10 monoclonal antibody. Fractions of the immunoprecipi-
tate were either treated or not with CIP in the presence or absence
of orthovanadate (VO,). Samples were then subjected to Western
analysis using antibody directed against the myc epitope. CIP treat-
ment resulted in elimination of slower-migrating forms of hRRAD9,,,,
an effect that was not observed when VO, was present. (B) Loga-
rithmically growing HeLa cells were harvested and subjected to
Western analysis using polyclonal a-hRAD9 antibodies. As in A,
samples also treated with CIP in the presence or absence of vana-
date, as indicated.

three discrete bands, the smallest of which corre-
sponded approximately to the predicted size of
hRAD?9 (Lieberman et al., 1996). To test our hypothesis
that these multiple bands were the result of phosphor-
ylation, we examined the effect of phosphatase treat-
ment on hRAD9’s migration through acrylamide.
COS-1 cells were transfected with our hRAD9, -ex-
pressing construct and harvested 48 h later. The cells
were lysed and immunoprecipitated with 9E10 mono-
clonal antibody directed against the myc epitope. Im-
munoprecipitates were either untreated or treated
with CIP in the presence or absence of sodium or-
thovanadate. Samples were then subjected to SDS
PAGE, transferred to nitrocellulose, and immuno-
blotted with a-myc monoclonal antibodies. Figure 44,
lane 1, shows the multiple banding pattern of
hRADS9,, in immunoblots, similar to that seen in Fig-
ures 1 and 3. Treatment with CIP causes the slower-
migrating bands to disappear, leaving only the fastest
form. This effect can be alleviated by the phosphatase
competitor sodium orthovanadate, confirming that
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the slower-migrating bands are the result of multiple
phosphorylation states of hRAD9,,,.

We have also demonstrated that the phosphoryla-
tion of hRAD9,,, is due neither to the overexpression of
the protein in COS-1 cells nor to the myc epitope tag.
We did this using polyclonal chicken antibodies di-
rected against hRRAD9 that are of sufficient sensitivity
and specificity to detect endogenous hRAD9 in HeLa
cells. Essentially the same experiment as above was
performed, with the exception that endogenous
hRAD9 was detected by polyclonal a-hRAD9 antibod-
ies. In this case, only a single slower-migrating band
was observed (Figure 4B, lane 1). Also, by contrast
with the overexpressed hRAD9 from COS-1 cells,
most of the hRAD9 in HeLa cells are phosphorylated.
The hRAD9 can be converted to the faster-migrating,
dephosphorylated form by treatment with CIP, and
this reaction is sensitive to the phosphatase inhibitor
sodium orthovanadate (Figure 4B, lanes 2 and 3), in-
dicating that endogenous hRAD9 is phosphorylated in
HeLa cells.

hRAD?9 Is a Nuclear Protein

To determine where hRAD9 localizes in the cell, we
used immunofluorescence with a fluorescent second-
ary antibody directed against the polyclonal «-hRAD9
chicken antibodies. These hRAD9 antibodies are able
to specifically detect endogenous hRAD9, as evi-
denced by Figure 4B. The location of the Alexa 488
goat a-chicken secondary antibody is represented in
green in Figure 5A. The specificity of the secondary
antibody is demonstrated by the absence of signal in
the absence of primary a-hRAD9 antibodies (Figure
5A; bottom row). Propidium iodide staining was used
to determine the location of the nucleus (Figure 5B),
and the images from Figure 5, A and B, are superim-
posed in Figure 5C. Corresponding light microscope
images are presented in Figure 5D and superimposed
with the fluorescent staining in Figure 5E. The cellular
membranes are clearly visible in the HeLa cells, and
hRAD?9 staining is confined to the nucleus. Similarly,
in the confluent HaCaT cells, all hRAD9 staining is
nuclear. In both cases the staining is punctate.

DISCUSSION

We have demonstrated three interactions between
three human checkpoint rad proteins, hRADI,
hRAD9, and hHUSI. In all cases, these interactions
were substantiated using both the yeast two-hybrid
system and by coimmunoprecipitation, except for
hRADI1 and hRAD9Y, which did not interact in the
yeast two-hybrid system but did coimmunoprecipi-
tate when exogenously expressed in COS-1 cells. The
original observation that led to this work was that
hRAD?9 interacted with hRHUSL1 in a two-hybrid screen.
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Figure 5. hRAD? is located in the nucleus. Confocal immunofluorescence and light microscopy was performed on <50% confluent HeLa
cells and 90% confluent HaCaT cells. Cells were fixed and probed with «-hRAD9 chicken polyclonal antibodies, followed by a fluorescently
labeled anti-chicken IgY secondary antibody (A). DNA was visualized by staining with propidium iodide (B). Images from A and B were
superimposed (C). The cellular borders of the HeLa and confluent HaCaT cells were visualized by light microscopy (D), and the light and

fluorescent images were superimposed (E). .

Eleven of 15 interactions isolated in the screen that
used hRAD9 as bait were hHUSI. It is interesting to
note that hRAD1 was not among the remaining iso-
lates, which are still being characterized. However, the
observation that hRRAD1 and hRAD9 show no interac-
tion in the two-hybrid system had been made previ-
ously (Parker et al., 1998b). It now appears that this
interaction may be dependent on factors that are ab-
sent in budding yeast, because hRAD1 and hRAD9
specifically coimmunoprecipitate in COS-1 cells. Such
factors may include a budding yeast equivalent of
hHUS], the existence of which seems unlikely consid-
ering that no homologues have been identified based
on sequence. Alternatively, the N-terminal GAL4 do-
main of the fusion proteins may result in a conforma-
tional change that prevents association of these two
proteins. This hypothesis is supported by our obser-
vation that reversing the orientation of the hRAD9/
hHUS1 and hRAD1/hHUS1 GAL4 fusions abolishes

1992

the HIS3 reporter gene activation (St. Onge and Udell,
unpublished results). Furthermore, an N-terminal
myc-tagged version of fission yeast husl has been
shown to function as a dominant negative allele (Ko-
strub et al., 1997). Future use of dominant negative
fusions involving human proteins could prove invalu-
able in uncovering the mechanistic details involved in
checkpoint signaling.

It has been shown in fission yeast that Husl and
Rad1 interact, and that this interaction is dependent
on the presence of Rad9, because interaction does not
occur in a rad9-null background (Kostrub et al., 1998).
Our data offer strong evidence that such a complex
also exists in humans, although it may be assembled
differently. Although we have only demonstrated
pair-wise interactions between the three human
checkpoint proteins, the simplest explanation of this
and the yeast data together is that a three-way com-
plex exists among hRAD1, hRAD9, and hHUS1. We
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cannot rule out the possibility that the observed
hRAD1-hHUS1 interactions described here are
bridged by DDCI1, the S. cerevisize homologue of
hRAD9 (Longhese et al., 1997; Paciotti et al., 1998), or
by and endogenous monkey homologue of hRAD9 in
COS5-1 cells. Such evidence will ultimately have to be
achieved using hRAD9-null cell lines. Furthermore,
with the highly similar phenotypes observed in all of
the fission yeast checkpoint rad mutants, and consid-
ering recent data demonstrating an interaction be-
tween hRAD1 and hRAD17 (Parker et al., 1998b), and
that ATR, a human homologue of fission yeast Rad3,
exists predominantly as part of a high-molecular-
weight complex (Wright et al., 1998), the potential for
a multiprotein complex involving all of the checkpoint
rad proteins must not be overlooked.

We have also shown that both exogenous and en-
dogenous hRAD9 are phosphorylated at multiple
sites. Considering that S. cerevisine DDC1 and S. pombe
Husl both appear to be phosphorylated in response to
DNA damage (Kostrub et al., 1997; Paciotti et al., 1998),
phosphorylation is an integral component of check-
point signaling. To determine whether checkpoint ac-
tivation affects hRAD9 phosphorylation, we investi-
gated whether vy radiation or hydroxyurea could
induce a change in the migration pattern of endoge-
nous hRAD9 on a Western blot. Neither a 4-Gy dose of
v radiation nor incubation in 0.1 mM hydroxyurea for
up to 24 h affected the migration of endogenous
hRAD?9 from HaCaT cells, although hRAD9 is already
highly phosphorylated in these cells. We cannot rule
out the possibility that ongoing replication or the pres-
ence of endogenous DNA damage may be inducing
hRAD9 phosphorylation in the absence of exogenous
signals. It is worth noting that phosphorylation is not
an absolute requirement for association of hRAD9 and
hRADI1, because hRAD1 immunoprecipitation will co-
immunoprecipitate all forms of hRAD9 (Figure 3).

Finally, we have investigated the subcellular local-
ization of hRAD?9, and we have shown that hRAD9 is
a nuclear protein (Figure 5). This observation was not
a foregone conclusion, because the start of the check-
point signal transduction pathway is nuclear (DNA
damage), whereas the end is cytoplasmic (the cell
cycle machinery). Unlike hRAD1, which has been
shown to be present mainly in a diffuse pattern in the
nucleus (Freire et al., 1998), the staining pattern of
hRAD9 within the nucleus shows discrete areas of
intense staining. It will be interesting to further char-
acterize the nature of these foci, including determining
what other proteins are present, and whether DNA
synthesis, either replicative or unscheduled, is occur-
ring in these regions.

The reason for the current intense interest in cell
cycle checkpoint control is the association of defects in
checkpoint control with human cancers. Genomic in-
stability is a common feature accompanying check-
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point loss, regardless of which checkpoint is compro-
mised, and whether the cell is subjected to exogenous
stresses (Weinert and Hartwell, 1990; Livingstone et
al., 1992; Yin et al., 1992). A great deal of evidence now
links genomic instability with the multistep origin of
human cancer (Loeb, 1991; Loeb and Christians, 1996;
Hartwell, 1992; Meyn, 1995; Smith and Fornace, 1995;
Thrash-Bingham et al., 1995; Tlsty et al., 1995; Perucho,
1996). The number of checkpoint control genes that act
as tumor suppressors under normal circumstances is
growing and currently includes p53 (Malkin et al.,
1990; Kastan et al., 1992; Kuerbitz et al., 1992), ATM
(Savitsky et al., 1995a,b; Xu and Baltimore, 1996), BLM
(Ellis et al., 1995; Davey et al., 1998), and hBUB1 (Cahill
et al.,, 1998). Although none of the checkpoint rad
proteins has yet been shown to act as a tumor sup-
pressor, those that have been mapped all localize to
regions associated with loss of heterozygosity in tu-
mors, which is indicative of the presence of tumor-
suppressing genes (Lieberman et al., 1996; Parker et al.,
1998a,b). Also, genomic instability has been associated
with G2 checkpoint deficiency in budding yeast rad9
mutants (Weinert and Hartwell, 1990). Ultimately, the
work reported here will shed light on the mechanistic
details of how genomic stability is maintained by the
G2 and S-phase checkpoints.
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